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Solubility studies on many crystalline proteins have shown that even 
large molecules show solubility behavior in general accord with that ex- 
pected for homogeneous substances from the phase rule.  Such studies in 
the case of the crystalline hemoglobins and enzymes have yielded much 
valuable information as  to  their identity and purity  (1,  2).  Solubility 
theory should apply also  to particles larger than the simple proteins and 
experiments with a bacteriophage by Northrop indicated that this material, 
although having a minimum molecular weight of about 500,000, possessed 
a  fairly definite solubility (3).  It has been shown that  tobacco mosaic 
virus purified by centrifugation or by careful treatment with ammonium 
sulfate  is  homogeneous when examined either by  sedimentation in  the 
ultracentrifuge or by electrophoresis  in the Tiselius apparatus (4, 5).  These 
methods, however, show only that all of the material in the sample sediments 
in a centrifugal field or migrates in an electrical field at uniform rates.  Al- 
though many other experiments also failed to provide evidence for inhomo- 
geneity (6), it appeared desirable to study the solubility behavior of the 
virus.  In the experiments to be described in this paper, solubility deter- 
minations were made on tobacco mosaic virus purified by different methods 
(7,  8),  on samples isolated at varying intervals of time after inoculation 
(9), and on samples isolated from different host plants, in an effort to deter- 
mine whether purified virus behaves as  a  homogeneous material from a 
solubility standpoint. 
Materials  and Methods 
The virus samples were obtained by the more recent chemical procedures which in- 
volved only a  few precipitations  with ammonium sulfate and  by  ultracentrifugation 
with or without a preliminary precipitation with ammonium sulfate.  When purified by 
the  earlier  procedures,  the virus was recrystailized several  times before it  was used. 
When prepared by ultracentrifugation it was used without a preliminary crystallization 
other than  that  involved in the solubility determination.  Samples prepared by am- 
monium sulfate precipitation were dialyzed on a rocking dialyzer (10)  against distilled 
water until they failed to give a test for ammonia with Nessler's solution.  The samples 
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prepared by ultracentrifugation were obtained by the sedimentation of the virus in the 
clarified juice or in concentrates prepared by precipitation of the virus with ammonium 
sulfate and re-solution in water.  The virus pellets which separated during the ultra- 
centrifugation were redissolved either in 0.1 ~s potassium phosphate buffer at pH 7 or in 
water and resedimented one or two additional times.  The samples taken from plants 
2 to 13 weeks after inoculation were portions of preparations isolated and described by 
Stanley (9)  and used for sedimentation analyses by Wyckoff (5).  Solutions in 0.1 
phosphate containing 2 to 3 per cent virus were stored at 4  ° for from 6 to 12 weeks before 
the solubility determinations were made. 
Preliminary experiments showed that centrifugation in an angle head in an ordinary 
laboratory centrifuge served much better than filtration during a solubility determina- 
tion to separate suspended crystals of virus from that in solution.  Equilibrium was 
approached from the supersaturated side by adding to the sample of virus dissolved in 
0.1 ~  phosphate buffer a weighed amount of ammonium sulfate sufficient to cause the 
crystallization of a part of the virus in solution.  Equilibrium was approached from the 
undersaturated side either by crystallizing the virus at the isoelectrie  point with dilute 
phosphoric acid and extracting the sedimented virus, after the supernatant fluid  had 
been thoroughly drained, with buffer containing ammonium sulfate (method 1); or by 
adding solid ammonium sulfate to the sample dissolved in a sufficiently small volume of 
buffer to cause the separation of all the virus, and then adding sufficient buffer to reduce 
the salt concentration to the desired level (method 2).  In a  few instances,  solubilities 
were determined at room temperature.  When this was done and the samples were centri- 
fuged at 3000-4000  R.P.M. for 3 to 4 hours, the virus concentration in the supernatant 
liquid  decreased only slightly after additional  centrifugation.  In most experiments, 
however, the virus suspensions,  cooled to 0  °, and stirred for 10 to  15 minutes,  were 
allowed to stand for 24 hours at 4  ° and  then were centrifuged at 3000-4000  R.P.M. for 
about 2 hours at the same temperature.  The supernatant liquid was pipetted off and 
analyzed for protein nitrogen as previously described (7).  The crystals which separated 
under these conditions, while very small in size, were the typical needle-like  crystals. 
Because of the extremely small size of the crystals, it is difficult to be certain that amor- 
phous material was absent in all cases.  However microscopic examination did not show 
material of a definitely amorphous character. 
RESULTS 
Examples of the results obtained with virus samples purified by chemical 
procedures  and  by  sedimentation  in  the  ultracentrifuge  before  and  after 
preliminary precipitation with ammonium sulfate, and the effect of storage 
in 0.1  ~r phosphate buffer or 20 per  cent  ammonium sulfate are  shown in 
Table  I.  Samples  purified  by  chemical  procedures  varied  in  solubility 
at room temperature in 3.25 per cent ammonium sulfate and 0.1 x~ phosphate 
at  pH  5.6  from  0.26  to  1.5  mg.  virus  N  per  ml.  Samples  prepared  by 
ultracentrifugation  showed  a  similar variation.  Some,  at  the  concentra- 
tions tested,  were entirely soluble in a  concentration of ammonium sulfate 
at 4 ° which, for another sample, gave a solubility of about 0.3 rag. N  per ml. 
at the same temperature.  The solubility of a sample of virus varied greatly HUBERT  S. LORING  721 
with  the  concentration  of  ammonium  sulfate  used  as  solvent.  A  sample 
which  was  soluble to  the  extent  of  0.93  nag.  N  per ml.  in  11.18  per  cent 
ammonium  sulfate gave a  solubility of 0.07 nag. N  per ml. in 11.77 per cent 
ammonium  sulfate.  Storage for a  month  at 4 °  in 0.1  M phosphate  buffer 
TABLE  I 
Solubilities  in Ammonium  Sulfate  and  0.1  ~  Potassium  Phosphate Buffer  of Tobacco 
Mosaic Virus Prepared by Different Methods 
Experi- 
ment 
2 
3a 
b 
4a 
b 
5 
6a 
b 
7 
8a 
b 
c 
d 
Method Of preparation 
Precipitation with ammonium sulfate (4).  RecrystaUized 5 
times.  Isolated 3 weeks after inoculation.  Solubility at 
room temperature in 5.25 per cent ammonium sulfate at 
pH 5.6 from supersaturated side 
Prepared and solubility determined as in  1.  Plants inocu- 
lated with virus obtained from a single lesion 
Prepared and  determined as in  1.  Recrystallized several 
times 
The same sample after standing 1 month at 4  ° in 0.1 u phos- 
phate buffer at pH 7 
Prepared and  determined as in  1.  Solubility determined 
without pre|imiuary crystallization 
The same sample after standing as in 3b 
Prepared and  determined as in  1.  Solubility determined 
about a year after standing at 4  ° as a paste in 20 per cent 
ammonium sulfate 
2 sedimentations in ultracentrifuge.  Solubility  at 4  ° in 11.18 
per cent ammonium sulfate at pH 5.6 from supersaturated 
side 
Same as 6a.  Solubility  in 11.77 per cent ammonium sulfate 
Prepared and determined as in 6a in 11.77 per cent ammonium 
sulfate 
3 sedimentations in ultracentrifuge.  Solubility as in 6a at 
pH 6.4 
Same as 8a.  From undersaturated side (method 2) 
Same as 8b 
Precipitated once with ammonium sulfate and purified by 3 
sedimentations in ultracentrifuge.  Solubility as in 8b 
~g. virus N per 
ml. solution 
0.26, 0.26 
0.36 
0.94 
0.21 
1.50 
0.21 
0.26 
0.93 
0.07 
0.05 
0.25, 0.21 
O. 26, O. 26 
O. 25, O. 26 
O. 38, O. 35 
or for about a  year in 20 per cent ammonium  sulfate reduced the solubility 
from  relatively high  values  at  room  temperature  to  about  0.1-0.2  mg.  N 
per  ml.  and  repeated  recrystallization  at  room  temperature  seemed  to 
produce  a  similar  result.  Evidence  has  been  obtained  that  these  treat- 
ments cause an irreversible linear aggregation of the virus particles (11, 12). 
One  precipitation with  ammonium  sulfate  at  4 °,  which  does  not  cause  a 
measurable amount of such aggregation, also failed to cause any pronounced 722  SOLUBILITY  OF  TOBACCO MOSAIC VIRUS 
change in the solubility of the virus.  The specific activities of the original 
samples of virus used in the experiments given in Table I  were not deter- 
TABLE  II 
Solubilities  at 4 ° in 0.1  ~  Potassium Phosphate Buffer at pH 5.6 and  11.18 Per Cent 
Ammonium Sulfate of Tobacco Mosaic Virus Isolated from Plants Harvested from 
2 to 13 Weeks after Inoculation 
Weeks  after 
No.  inoculation 
isolated 
la 
2 
b 
2a  3 
b 
3a  4  b 
4a 
b  5 
c 
5  6 
6a  7 
b 
7a 
b 
8  13 
Mg. virus  N per  Method of preparation*  ml. solutiont 
Two  sedimentations  in  ultracentrifuge.  Solubility  deter- 
mined from supersaturated  side  0.36 
The same sample after standing 1 month longer at 4  ° in 0.1 ~r 
phosphate buffer at pH 7  0.54 
Prepared and determined as in la  0.52 
Precipitated  once with ammonium sulfate and purified by 2 
sedimentations in ultracentrifuge.  Solubility as in la  0.14, 0.15 
Prepared and determined as in la  0.19, 0.19 
The same sample after standing as in lb  0.08 
Prepared and determined as in la  0.48 
The same sample after standing as in lb  0.17, 0.12 
Prepared and determined as in 2b  0.02 
Prepared and determined as in la  0.40, 0.62 
Prepared and determined as in la  0.61, 0.48 
The same sample after standing as in lb  0.27 
Prepared and determined as in la 
The same sample.  Solubifity determined  from undersatu- 
rated side (method 1) 
The same sample after standing as in la 
Prepared and determined as in 2b 
Prepared and determined as in la 
0.50 
0.48, 0.48 
0.40 
0.30 
0.77, 0.82 
* The samples were stored in 0.1 x~ phosphate solution at 4  ° for from 6  to 12 weeks 
before the solubility determinations were made. 
Solubility determinations were made in all cases on 0.93 rag. virus N  per ml. sus- 
pension. 
mined, but they were prepared by comparable procedures involving  a mini- 
mum of treatment with ammonium sulfate or exposure to room temperature. 
In  previous experiments it  has  been shown  that  such  samples  possessed 
comparable specific activities and gave sharp boundaries in the analytical 
ultracentrifuge. av~r  s.r.OmNG  723 
The solubility experiments with the samples isolated by Stanley (9) from 
plants 2 to 13 weeks after inoculation were carried out from 6 to 12 weeks 
later.  Those isolated  from plants  2  to  8  weeks  after  inoculation gave 
relatively constant results  (Table  II).  The  mean value  for six samples 
in ten determinations was 0.50 4- 0.02 rag. virus N per ml. at 4  ° in 11.18 per 
cent ammonium sulfate and 0.1 ~  phosphate at pH 5.6.  The solubility of 
the 13 week sample, however, was about 0.8 rag. N per ml. under the same 
conditions.  Virus that  had been precipitated once in the cold with am- 
monium sulfate and then ultracentrifuged showed, in general, a decrease in 
solubility as compared with virus  prepared from the same sap by ultra- 
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FxG. 1.  Solubility of two ultracentrifuged preparations of tobacco mosaic virus in 0.1 
potassium phosphate and 11.18 per cent ammonium sulfate buffer: curve I at pH 5.6, 
curve II at pH 6.4. 
centrifugation.  A  good  deal  of  variation  was  found,  however.  Some 
samples were  entirely  insoluble  after  the  ammonium sulfate  treatment 
while others were  nearly  as  soluble as  the  ultracentrifuged virus.  The 
variation was probably due to differences in the length of time different 
samples had been allowed to stand in ammonium sulfate solution during 
the isolation procedure.  Similarly, after standing for about a month longer 
in 0.1 ~r phosphate at 4  °, the solubility of most of the samples tested de- 
creased further. 
The solubility data obtained with varying amounts of solid phase in the 
presence of a constant volume of solvent showed an increase in the amount 
of.~idissolved viru~as the amount of solid phase was increased above that 
amount necessary to give a saturated solution.  The results with two prepa- 
rations  obtained by  ultracentrifugation are  shown graphically in  Fig. 1. 724  SOLUBILITY OP TOBACCO MOSAIC VIRUS 
The data are not sufficiently precise to establish definitely the shape of the 
solubility curves.  Relatively constant solubilities were obtained, however, 
as the amount of virus in suspension was increased beyond 1.3 mg. N per ml. 
in one case and beyond 1 rag. N  per ml. in the other, but in both instances 
some solid phase  separated in  the presence of much  smaller amounts of 
virus.  In the case examined most completely (curve II) some solid virus 
separated or failed to dissolve even at  one-tenth the concentration which 
seemed to give a  constant solubility.  Similar results were obtained with 
a sample purified by precipitation with ammonium sulfate.  The solubility 
curves  are  not  characteristic of  a  material  consisting  of  only one  solid 
phase  but  resemble  those  of  solid  solutions  (13).  A  similar  conclusion 
was reached when a  crystallized sample of virus was extracted repeatedly 
with equal portions of the same solvent, for the amount of dissolved virus 
decreased progressively as  the amount of virus used  as  saturating  body 
decreased. 
A possible explanation for the presence of solid phase at the lower virus 
concentrations  was  the  formation  of  a  fraction  consisting  of  relatively 
insoluble and inactive virus as a result of the contact with the ammonium 
sulfate solution during the solubility determination.  If this were the correct 
explanation  then  the  specific activity of the  crystallized virus would be 
expected to be lower than that of the virus in solution.  To test this hy- 
pothesis  the specific activities of the  crystallized virus and  the virus  in 
solution from two solubility determinations (curve II, Fig. 1) in which the 
original virus concentrations were 0.38 and 0.57 rag. virus nitrogen per ml., 
respectively, were  compared.  The  crystallized  virus  was  dissolved  in 
water in  each  case  and  these  solutions  and  those  containing  the soluble 
virus were dialyzed until free of ammonium sulfate and analyzed for nitro- 
gen.  The dialyzed solutions of crystallized and soluble virus in one experi- 
ment were diluted to 10-~ gm. virus per ml. with 0.1 M phosphate buffer at 
pH 7 and compared on 42 half leaves of Nicotiana glutinosa.  In two tests, 
2392  and 2904 lesions were obtained for the solution of crystallized virus 
as compared with 2002 and 2602 lesions, respectively, for the virus in solu- 
tion.  In  the  second  experiment,  the  dialyzed solutions  were diluted  to 
2  X  10 -e gm. virus per ml.  and compared on 37 half leaves of Phaseolus 
vulgaris  L. var.  Early Golden  Cluster.  In two tests, 253  and 627  lesions 
were obtained for the  crystallized virus  as  compared with 388  and 508, 
respectively,  for  the  virus  in  solution.  When examined statistically  on 
the basis  of half-leaf units by  "Student's"  method (14),  the crystallized 
virus in two tests was significantly more active than that  in solution, the 
virus in solution was significantly more active in one test and in  the other HUBERT  S.  LOR.ING  725 
the difference in lesion counts was not significant.  When the total numbers 
of lesions obtained by each treatment were combined and evaluated simi- 
larly, the crystallized virus rather than that in solution proved significantly 
more active.  It may be concluded, therefore, that the fraction of virus 
which precipitated did not consist of inactive or largely inactive virus. 
The question of a change in tobacco mosaic virus as a result of treatment 
with ammonium sulfate was also  studied by  comparing the activities of 
samples of virus isolated from portions of the same infected sap by ultra- 
centrifugation and by  ammonium sulfate  precipitation in  the  cold.  In 
eight tests in which a  total  of 305  half leaves of Phaseolus  vulgaris  was 
used for the comparison of samples isolated from time to time, a  total of 
TABLE HI 
Solubility Experiments with Tobacco Mosaic Virus from Tobacco and Tomato Plants 
(1)  50 mg. virus from tobacco plants in 10 cc. 0.1 ~  phosphate at pH 7 
crystallized with 975 rag. (NHa)sSO4 ............................ 
(2)  50 rag.  virus from tomato plants in 10 cc.  0.1  ~  phosphate  at pH  7 
crystallized as in (1) .......................................... 
(3)  50 rag. crystals of virus from tobacco plants extracted with 10 cc. 0.1 M 
phosphate at pH 7  -{- 975 nag.  (NH~SO4 ....................... 
(4)  50 rag. crystals of virus from tomato plants extracted as in (3) ....... 
(5)  5 cc. of supematant from (3) used to extract crystals from (4) ......... 
(6)  5 cc. of superuatant from (4) used to extract crystals from (3) ....... 
Mg, virus per ml. 
supernatant a~ter'centrlf- 
ugation for 2 hrs. at 
about 4°C. 
4.39 
4.49 
4.04 
4.15 
4.11 
4.09 
11,160 lesions was obtained for the samples prepared by ultracentrifugation 
as  compared with  11,202  for  the samples prepared by precipitation with 
ammonium sulfate.  If the treatment with ammonium sulfate  resulted in 
an irreversible change in virus in these experiments, it was not accompanied 
by a significant loss of virus activity.  It should be noted, however, that a 
decrease in specific activity or a loss of active virus corresponding to less 
than about  10 per cent of the original might not be detected by the in- 
fectivity tests. 
Solubility of Virus from Different Host Plants.--Preliminary  experiments 
in  which the  solubilities of  tobacco  mosaic virus isolated from Turkish 
tobacco and tomato plants by chemical methods were compared, showed 
that  about the  same solubility behavior was obtained for  virus isolated 
from either'host provided the samples were isolated by the same procedures 
from plants inoculated for the same periods of  time (7).  Similar experi- 726  SOLUBILITY  O~"  TOBACCO  MOSAIC  VIRUS 
ments  were  carried  out  on  ultracentrifuged preparations  of  virus  from 
tobacco and  tomato plants.  The juice was obtained from young plants 
about a  month after  inoculation and the virus was precipitated once in 
the cold with 20 per cent ammonium sulfate.  It was redissolved in 0.1 ~r 
phosphate buffer and  sedimented twice in  the  ultracentrifuge.  The ex- 
periments on  two  samples obtained  in  this  manner  are  summarized in 
Table III.  It may be seen that under the conditions used, about the same 
solubility was obtained for the tomato as for the tobacco sample when the 
solubility was  approached either  from  the  supersaturated or  the under- 
saturated side.  When the  saturated solution obtained from the tobacco 
sample was used to  extract the crystals which separated from the tomato 
sample, a  slight decrease rather than  increase in the amount of dissolved 
virus took place, and a similar result was obtained when the saturated solu- 
tion from the tomato sample was used to extract the crystals which sepa- 
rated from the sample isolated from tobacco plants. 
DISCUSSION 
The wide variation found for the solubility of different samples of purified 
tobacco mosaic virus prepared  by precipitation with ammonium sulfate 
and by ultracentrifugation, and the type of solubility curve obtained in 
the presence of varying amounts of solid phase indicate, contrary to the 
results of ultracentrifugal and  electrophoretic analyses, that the purified 
virus is not a homogeneous material.  The results are not readily explained 
either by the presence of inactive impurities, by the reversible or irreversible 
formation of  inactive  virus,  or  by  failure  to  attain  equilibrium  during 
the solubility determinations.  They may be explained by variations pro- 
duced in  the virus itself either during growth under different conditions 
or during isolation.  Evidence for a  small amount of variation in tobacco 
mosaic virus has been obtained previously (15) by the isolation of mutant 
strains from plants infected with a  single infectious unit of the ordinary 
strain.  These were recognized because of  characteristic  signs of disease 
on infected plants  different from  those of ordinary  tobacco mosaic and 
have been carried serially through many generations of plants.  The num- 
ber and amount of such strains which are formed during the production of 
the virus in  the host plants are not  believed to be sufficient to  account 
for the type of solubility curve found.  In view of the fact that the more 
soluble  and  the less  soluble fractions are  equally infectious and,  in  the 
limited number of  tests  made,  produce  typical  tobacco  mosaic  disease, 
it seems more likely that the solubility of the infectious agent itself may 
vary.  It is possible that the less soluble virus may  be derived from the HUBERT S.  LORING  727 
more soluble by a process similar to that taking place when the virus ages 
in dtro, or it may be that during the multiplication of the original infective 
unit other units differing slightly in solubility but causing typical tobacco 
mosaic  are  produced.  The  solubility  data  provide  evidence  that  the 
purified virus is better described, as has already been indicated (16), as a 
family of closely related substances rather  than as a  single chemical in- 
dividual.  The experiments with the virus from tobacco and tomato plants 
show~ however, that remarkably comparable virus may be obtained from 
plants of different genera when the latter are grown under the same condi- 
tions and the virus is isolated by similar procedures. 
SD~'M  ~,RY 
Different samples of purified tobacco mosaic virus show a relatively wide 
variation in solubility in ammonium sulfate solution.  This variation and 
the type of solubility curve obtained in the presence of varying amounts 
of solid phase show that the purified virus whether isolated by mild treat- 
ment with ammonium  sulfate or by ultracentrifugation is not a homogeneous 
chemical substance but contains more soluble and less soluble virus frac- 
tions  of  comparable  specific  activities.  Long  contact  with  strong  am- 
monium sulfate solutions or 0.1  M phosphate buffer results in a  decrease 
in  solubility.  The  variation  in  the  solubility of  samples isolated  from 
different plants by the same method seems to depend in part on the length 
of time the plants are inoculated before they are cut, and probably also on 
the conditions under which they are grown.  Virus  preparations isolated 
from plants of different genera grown under the same conditions and inocu- 
lated  at  the  same  time,  however,  behaved  like  identical  substances  in 
solubility experiments. 
BIBLIOGRAPHY 
1. Landsteiner, K., and Heidelberger, M., Y. Gen. Physiol., 1930, 13, 781. 
2.  Northrop, J. H., Crystalline enzymes.  The chemistry of pepsin,  trypsin, and bac- 
teriophage.  Columbia Biological Series, No. 12, New York, Columbia University 
Press, 1939. 
3.  Northrop, J. H., Y. Gen. Physiol., 1938, 9.1, 335. 
4.  Eriksson-Quensel,  I., and Svedberg, T., I. Am. Chem. Soc., 1936, fiS~ 1863. 
5.  Wyckoff, R. W. G., J. Biol. Chem., 1937, 121~ 219. 
6.  Stanley, W. M., and Loring, H.  S., Properties of  virus proteins, in Cold Spring 
Harbor  symposia  on  quantitative  biology,  Cold  Spring  Harbor, Long Island 
Biological Association,  1938, 6~ 341. 
7. Loring, H. S., and Stanley, W. ~¢I., J. Biol. Chem., 1937, 117~ 733. 
8.  Stanley, W. M., and Wyckoff, R. W. G., Science, 1937, 85~ 181. 
9.  Stanley, W. M., a  r. Biol. Chem., 1937, 19.1., 205. 728  SOLUBILITY  OF  TOBACCO  MOSAIC  VIRUS 
10. Kunitz, M., and Simms, H. S., J. Gen. Physiol., 1928, 11, 641. 
11. Loring, H. S., Lauffer, M. A., and Stanley, W. M., Nature, 1938, 142, 841. 
12. Lanffer, M. A., and Stanley, W. M., Chem. Rev., 1939, 24, 303. 
13. Northrop, ]. H., and Kunitz, M., J. Gen. Physiol., 1930, 13, 781. 
14.  Fisher,  R. A., Statistical methods for research  workers, Edinburgh and London, 
Oliver  and Boyd, 6th  edition,  1936. 
15. Jensen, J. H., Phytopathology, 1933, 23, 964; 1936, 26, 266. 
16.  Stanley, W. M., Biochemistry and biophysics of viruses, in Doerr, R., and HaUauer, 
C., Handbuch der Virusforschung, Erste H~lfte,  Vienna, Julius Springer,  1938, 
520. 